Path Planning for Robust Image-Based Visual Servoing by Mezouar, Youcef & Chaumette, François
Path Planning for Robust Image-Based Visual Servoing
Youcef Mezouar, Franc¸ois Chaumette
To cite this version:
Youcef Mezouar, Franc¸ois Chaumette. Path Planning for Robust Image-Based Visual Servoing.
[Research Report] RR-4097, INRIA. 2001. <inria-00072534>
HAL Id: inria-00072534
https://hal.inria.fr/inria-00072534
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Path Planning
for Robust Image-based Visual Servoing































































Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00



























































































































































































§l79©Ze`XZdnfs jq`=bcZedcZEt{bVkSd&OfbcU¢Xxfs`o`Xjl`or §§§§§§§§§§©§§§§§§§§§§§§©§§ S\
§ OQD¹vAZdgjqYNZe`=bgfs*dcZEtXlbgt­k8dfN=`ok¤&`Xxfs`OfsdVkSz{ZEhib §§§©§§§§§§§§§§§§©§§ d:
§ \MQD¹vAZdgjqYNZe`=bgfs*dcZEtXlbgt­k8dfs`X`Xv`Xk¤&`Xxfs`ofSd&kSz{ZEhib±§©§§§§§§§§§§§§©§§ ;










  ﬀ %  %3ﬀ

























































































tc¡t{bgZY¢p jxtAZdckSdgYNZEu¸jq` l ·§k¤­ZŁSZedep `okS`XZ-kS¶bcUoZY ¤­ZdgZ-uZefSljq`Xr¢¤&jlbcU±dck8Xotbc`XZEtctjxtgtXZEt§




















kS¦bgUXZdgkSAksb-jq`,bcUXZ[z{k8jl`=bLtcofShZfsdgZk8bgfSjl`oZeuQdck8Y bgUXZhfSYNZedgf ofsbcU § µ/jl`ofSlq¡Sp&hkS`=bcjq`vXkSot
fS`ou uZedcjqŁfsXqZrSZk8Y[Z


























































































;  ﬀ %  %3ﬀ





















































































































jxfbgZeu-bgjlY[jq`Xr-xf´¤@%'­jxtVOZedk8dcY[Zeufs`Oubgdgf8hnSZeu  tcZZµ/jqrSXdgZ[ !i§







^a`³bgUXjxt fsoXdck=fShnU bcUoZdck8OkSb Y[ksbgjlk8`ot fsdgZ X`ouXZd bgUXZ jq`YTooZ`ohZksfs` fSdbgj£¯Ah
jxfsAksbgZ`=bcjxfs
¯OZxu IH !¥uXZ


































fS`ou M K ﬂ8<C4
 
	)9 




ZZEuXt¥fsqkS`or bgUXZ ujqdcZEhibgjlk8`;kS MOﬂ8<dgZr=fsdnuZeu;fStbgUXZ Y[k8tb¥Xdck8Y[jqtcjl`or
uXjldgZeh





















% ¿ ÀC2 » À
6
¿  » 
¨$k8`otcjquZed­bcUXZX`Oh
kS`Ot{bgdgfSjl`XZEuLodck8XlZeY 












































































H[§ ¨$kS`otcjquXZd[`Xk¤f®AksbcZe`=bcjxfsV¯oZequ H&% 4 H ('ﬂ8$'





























































































S  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
}ksbgZ$bgUofb
ﬂ





































































































































































































































































































 UoZ` %jxtNhkSY[Ak8tcZeu²kS&bcUXZjlY-fSrSZhkvkSdnujl`OfbcZEtkS ﬁOk8jl`=bntp?bgUXZhkSdgdcZEtAkS`Oujl`orjl`=bgZdnfShibgjlk8`
Y-fsbcdgj£¹Ljxt 
























































































































































AZrSjqŁSZ` jl`QbcUXZ¢tcXotcZehibgjlk8` \X§ ±fs`ou \o§ :¸dgZetcOZEhibcjqŁSZel¡8p?¤$Z¢h














































E  ﬀ %  %3ﬀ














































u    Y 5 & Y &!yﬁﬀ ﬂ	$ GF ﬂ'D y  ﬁ
Tk-AZdckSdgY«jqY[fSrSZmJof8tZEuhkS`=bcdgkSJp¤­ZXXjqqubgUXZbgdgfsz{ZehibgkSdg¡ks/bcUoZXdgksz{Zeh
bcjqkS`Cb0kS6ZEfShnU¢AkSjq`8b



























































































































6  , =  	;









4 = , 













 	  ﬀ ﬀﬃY ﬂ




















































































































´  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
  ALF ﬂ	ﬁ) 
ﬂ	ﬀﬂ  ﬂ	:ﬂ  ﬀ ﬁ!#  &ﬂ	  
 ¿ 2
1
 & 2 Z2e  ¿ 2 À/
1































































































































































































































































































































































































































































































































































































































e  ﬀ %  %3ﬀ












































°f !  !
µ/jlr8XdgZ©   f !­^aY-fSrSZljqY[j£bntp!V~&ZeXXxtjqŁSZAksbgZ`=bcjxfs k8d&Łvjqtcjlojlqj£b{¡h
kS`Ot{bgdgfSjl`=b
TVUoZ X`oh

































































































































































































































































































































































































































































































































Target and camera models 
µ/jlr8XdcZ :G 6¬­qkhnLujxfsrSdnfsYﬃkS*bgUXZofbgU¢XqfS`X`Xjq`XrNkSdfNv`Xk¤&`kSz{ZEhib
gCgihkjﬁlm#no
3;  ﬀ %  %3ﬀ






































































































































































































































































































µ/jqrSXdgZ ;G  NhefsqZeu\m ﬂ ¨­fsdcbcZEtjxfs`Lbcdnfz{Zeh
bck8dc¡
u ﬁ"' ﬃ   a ﬀ' ﬂ	  & Y &!y ﬀ


















































































































3S  ﬀ %  %3ﬀ



















 % T VfSt­k8lqk¤O 




























































































































































     Y 5 & Y &!yﬁﬀ ﬂ	$ GF ﬂ'D y  ﬁ
TVUoZ¥UXkSY[kSr8dgfSXUv¡²Y-fbcdgjl¹ 	
,







































































































µoXdcbcUXZedcY[kSdgZSp}j£bcUXZ±dgZxfbcjqkS` ° !jxt¢fsXoljqZeu;OZb{¤$ZeZ` bcUXZ±uZetcjqdcZEu fs`Ou bcUoZ jq`XjlbcjxfshfSY[Zdnf
Ak8tcjlbcjqkS`otep¤$Zk8bgfSjl`Zef8tjql¡ 4 
V





































































Z¦jqt$`XkSbVf8hibcjqŁfbgZeu  j°§ Z a,E4  !¶fS`ou[bcUoZ¦Z AZEhibgt­kS*Zdgdck8dDkS`LbcUXZ©jq`8bgdcjq`otcjqh}ofsdnfsY[ZbcZdnt¶fS`ou-k8`
bgUXZuZebcU VYXfsdgZt{bgoujqZeu §













 % T T VYXi§ k¤­ZŁ8ZdEp





























































































































S  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %





















































































































































































































































b¢ks ﬁ Ok8jl`=bgtjq` dgZ
bgjl`ofS©tcof8h
















 Z8p¶¤&UojqhnU,¤&jql&AZ¥otcZeuQjl` bcUoZ¢hkS`=bcdgkSVxf´¤p¶Uof8t[OZeZ` fsxtck hkSY[XbgZeu §
LkSdgZkŁSZedepO¤$ZNUof´Ł8ZNtcZZe`bcUOfb©bcUXZ[Xxfs`X`oZeuOfbcU jxt¦jq`ouZeOZe`ouZe`8bkS­hfSY[ZdnfLhfSljqXdnfbgjlk8`j£$bcUXZ




























































dnfsdgZq¡¸r8jlŁ8Z` § ^a` k8XdNhefStcZSp6¤­ZhfS` fSuz{ot{bbcUXZeY bck®bcUXZujxt{bgdcjqXbgjlk8` ks&bgUXZLŁ8Zeh
bckSdks}jqY-fsr8Z















































;    W v¡  
%'y4 g ,9  , ] ), C, °\8 !














 dcZEt*§   '4  ﬀG(9'
02020
ﬀ3  ' !jqt©h













8  ﬀ %  %3ﬀ









































































































































































































































































s  ﬀ %  %3ﬀ






















Y[Ze`8bnt&fsdgZrSjqŁSZ`jq`LbgUXZµ/jlr8XdcZEtS  f !




bckSdg¡²ks©Zef8hnU AkSjq`8b-jq` bcUXZ¢jqY[fSrSZjqt-f±tbcdnfsjqrSU=b[ljq`XZ¢¤&UXZ` f h
k8dcdgZeh
b






































°f !  !

















250  h !












hefsqjlodgfsbcjqkS`²fsdgZ-otcZeu   !fhkS`otbgfS`=bdcZZdgZ`ohZ %,X-jqt2otZEu²fs`ou²f8)Zdgdck8dkS`±bgUXZjq`8bgdcjq`otcjqh
OfsdnfsY[Z





u  ﬃﬂ+D   ﬀ^ " & |!# /!
	   "a !   Y 
 Z¢fsr8fSjl` hkS`otcjxuZd[fXxfs`OfsdNkSz{ZEhib¤&jlbcUQkSod¤&UXjlbcZY-fsdgt§±TVUXZjlY-fsr8Zeth
kSdgdgZetcOk8`oujq`Xr¥bck































































µ/jqrSXdgZ´  ' f !^a`XjlbcjxfsJp !uZEtjqdcZEu±jlY-fSrSZet2ks&bgUXZbnfsdgrSZ




bgUXZ-hfSYNZedgfY-fs`v f8hibcodcZed©fSdcZNotcZeu §[TVUXZ-\m ﬂ³ofsdnfsY[ZbcZdnt¦otZEu®f8t©jl`Xjlbcjxfsqjqªefbgjlk8`®kS¶bgUXZ[ofbgU
oqfS`X`Xjq`Xr fSlr8kSdgj£bgUXY  bcUOfb-jqtbgUXZ¢jl`Xjlbcjxfs&fS`ou uZEtjqdgZeu hefsY[Zdnf¥Ak8tcZet-!UOf´ŁSZLAZZe` k8bgfSjl`XZEu v¡












;  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
kS­k8Xdh
k8`=bcdgkSDtghnUXZY[ZS§TVUoZ[bcdnfShnvjl`orZedcdgkSd  % '















r8jlŁ8Z`®jl`²µ/jlr8XdgZE\!i§  Z-hfs` `XkSbcZ-jlbgttgfbcjxt fShibgkSdg¡¥ŁfsdgjqfsbcjqkS`otuXZ[bgkbcUXZ-dgZr8XqfSdcjlb{¡¢ks­bcUXZ
ZedcdgkSd$X`oh
bcjqkS` §$TVUXZ\m ﬂ hfSYNZedgf2bcdnfz{ZEhibgkSdg¡-jqtVXqksbcbcZEujq`¥µ/jlr8XdcZ[E\ h !i§
 f !











250  h !
°u!












































bY[kuZI   f !©XqfS`X`XZEubgdgfsz{ZehibgkSdgjlZEtp  !¦kSqqk¤$ZEu¥bcdnfm
z{ZEhibgkSdgjlZEtp  h !}hfSYNZedgfNbgdgfsz{Zeh
bckSdg¡Sp u!}Zdgdck8d&jl`¸jlY-fsr8ZAkSjq`8bnt}hk=k8dguXjl`ofsbcZEt Xjl¹Zxt!
p  Z !bcdnfShnvjq`Xr
ZedcdgkSdﬁoj£¹Zxt-!Vfs`ou% -!VŁSZelkh
jlbcjqZet+°h
Y  t&fS`ouur st!





k8`XZetfStbcUXk=tZ®otZEu jq` bcUXZ®XdgZŁvjlk8otZ¹OZedcjqY[Z`=be§ TVUoZ¸ofSdbgjqfS}Y[ksbgjlk8`OZb{¤$ZeZ`,bgUXZ®jq`Xjlbcjxfs
















OZeZ`¢otcZeu% tcZZµ/jqrSXdgZ[ !  
5 





Y  tcZZµ/jlr8XdgZN,: !  
< 
 d(      













b¶Y[kvuXZOfSdcZfSlY[k=t{b$tcjqYNjqxfsd  dcZZd?bgk2µ/jlr8XdcZEt&e\2fs`ou¢e !i§ K¦`ohZfsr8fSjl`*p8fSt¶hfs`-AZ}tcZZe`










bgUXZjqduZEtjqdcZEuLŁfSlXZ°tZeZµjqrSodcZ[  u! !i§
$ $f( 0 @ﬂﬁ% *( d(    ﬁ   ﬂ

 Z}`Xk¤ bgZetb¶bcUoZ¦dgkSXOt{bg`XZetgt?ks k8XdVfsXXdgk8f8hnU¤&jlbcU
dgZetcAZehibbck±hfSljqXdnfbcjqkS` Zdgdck8dgtfs`ou Zdgdck8dgtk8` bgUXZ¢ofsdnfsY[Z
bgZd VﬃXs§ '}t[hefs` AZ¥tZeZ` jq`Qµ/jqrSXdgZet








qk8tcZbgk2bgUXk8tcZ¦k8bgfSjl`oZeu-jq`LbgUXZ©ksbcUoZd&hf8tZEt  tcZZµ/jlr8XdgZ3; !i§?TVUofsbVhkS`¯OdcY-t¶bcUXZ©dck8Xotbc`XZEtct
kS bcUoZ¦ofsbcUXqfS`X`Xjq`Xr[fs`ouLks bgUXZ©hkS`=bcdgkS4tghnUXZY[Z}¤&jlbcUdcZEtAZeh
b$bgkNhefsqjlodgfsbcjqkS`ZedcdgkSdntDfs`OuZdgdgkSdnt
k8` VYXs§TVUXZbcdnfShnvjq`XrZedcdgkSd °µ/jlr8XdcZ3: h ! !&dgZY-fSjl`ot©tcY[fSl/jq`bcUoZNhk8fsdntcZ2hfSljqXdnfbcjqkS`hefStcZ0 lZEtct
bgUofs`Z:oj£¹Zxt-!i§^·b2dcZeY-fsjq`ottgfbcjxt fShibgkSdg¡jq`±bcUXZOfSu²hfSljqXdnfbgjlk8` hefStcZSptcjq`oh
ZLfSl¤Vf´¡tlZEtctbcUofS`





dgkSoot{bg`XZetgt­ks/bcUXZhkS`=bcdgkS4xf´¤ °tZeZµjqrSodcZEt¦e!ip3:"!Vfs`Ou¸3; -! !i§$µjq`ofSlq¡SpX¤­Z`XksbgZbcUofsb&bcUXZ
bnfStc¸jxt2hkSdgdcZEhibcq¡dgZefSljqªZEu f8t¤­ZqDkSd2bcUXZh
k8fSdgtcZ-hfSljqXdnfbcjqkS`²hefStcZfStk8dbcUXZofSu±hefsqjlXdnfbgjlk8`
hefStcZ dcZZd&bgk-µjqrSodcZEt3:"°u!­fs`ou®@; u! !i§
 f !











250  h !
°u!
















































bckSdgjqZetep7 h !hfsY[Zedgfbcdnfz{ZEhibgkSdg¡Sp7 u!&ZdgdgkSdVjl`¥jqY-fsr8Z
AkSjq`=bgt&hk=k8dguXjl`ofsbcZEt  Xjl¹vZeqt-!ipZ !$bgdgf8hnvjl`XrNZdgdgkSd+Xjl¹Zxt!VfS`ou1 !VŁ8Zqkh
jlbcjqZet+ hY  t&fs`OuuXr  t-!
gCgihkjﬁlm#no
S  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
°f !






























































bckSdg¡Sp  u!{Zdgdck8dDjq`-jlY-fsr8Z&Ok8jl`=bnt$hk=k8dguXjl`ofsbcZEt Xjl¹Zxt! Z !?bcdnfShnvjq`Xr
ZedcdgkSdﬁoj£¹Zxt-!Vfs`ou% -!VŁSZelkh
jlbcjqZet+°h
Y  t&fS`ouur st!
 f !











250  h !
°u!
























4 translation  
rotation  
µ/jqrSXdgZ¥@;L  NfSY[ZZ
¹AZdgjlY[Z`=b2Otjq`Xr¥of8u²hfsqjqXdgfsbcjqkS`1 0 f !Xxfs`X`XZEu bcdnfz{ZEhibck8dcjqZetep  !k8lqk¤$ZEu
bgdgfsz{Zeh
bckSdgjqZetep  h !*hefsY[ZdnfVbgdgfsz{ZehibgkSdg¡Sp  u!*Zdgdck8d jq`jlY-fSrSZ¶AkSjq`=bgt/h
kvkSdnujq`ofbgZet  Xjl¹vZeqt-!ip" Z ! bcdnfShnvjq`Xr
ZedcdgkSdﬁoj£¹Zxt-!Vfs`ou% -!VŁSZelkh
jlbcjqZet+°h





  ﬃﬂ+D   ﬀ^ " & |!#    ! 	  !  ﬃ  " !   Y 











;  P  h h®p"  4  P  h h®p L
3
4 	   PV 4p& G









oqfS`ofsdNkSz{ZEhibNUof´ŁSZOZeZ` OtZEu § TVUXZ¢uZbgU VYXLUofStNAZZe`QtcZ
































µjqrSodcZN´  °f !­^a`XjlbcjxfsJp  !VuZetcjqdcZEuLjqY-fsrSZEtVksbcUXZbnfsdgrSZ
b
 f !




























































































p Z !}bgdgf8hn=jq`XrZedcdgkSdoj£¹Zxt-!}fS`ou !©ŁSZelkh
jlbcjqZet
°h
Y  t&fS`ouur st!
gCgihkjﬁlm#no
\8  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
 f !






















































bckSdgjqZetep  h !*hefsY[ZdnfVbgdgfsz{ZehibgkSdg¡Sp  u!*Zdgdck8d jq`jlY-fSrSZ¶AkSjq`=bgt/h
kvkSdnujq`ofbgZet  Xjl¹vZeqt-!ip" Z ! bcdnfShnvjq`Xr
ZedcdgkSdﬁoj£¹Zxt-!Vfs`ou% -!VŁSZelkh
jlbcjqZet+°h
Y  t&fS`ouur st!
 f !





















500  h !
°u!































¹AZdgjlY[Z`=b2Otjq`Xr¥of8u²hfsqjqXdgfsbcjqkS`1 0 f !Xxfs`X`XZEu bcdnfz{ZEhibck8dcjqZetep  !k8lqk¤$ZEu
bgdgfsz{Zeh
bckSdgjqZetep  h !*hefsY[ZdnfVbgdgfsz{ZehibgkSdg¡Sp  u!*Zdgdck8d jq`jlY-fSrSZ¶AkSjq`=bgt/h
kvkSdnujq`ofbgZet  Xjl¹vZeqt-!ip" Z ! bcdnfShnvjq`Xr
ZedcdgkSdﬁoj£¹Zxt-!Vfs`ou% -!VŁSZelkh
jlbcjqZet+°h





     ﬀﬃ!/  ﬂ:   !#ﬂ:  	ﬂ+D ﬂ" e 
 !#ﬂ	 ﬁ
TVUoZjqY-fsrSZEt¦hkSdgdcZEtAkS`Oujl`orbckbcUoZ[uXZetcjldgZeufS`oujq`XjlbcjxfsDhefsY[ZdnfAk8tcj£bgjlk8`otfsdgZ2r8jlŁ8Z`jq` µ/jqrSXdgZet
X °f !-fS`ou  !dcZEtAZeh




µ/jqrSXdgZet¦ °h !&fS`ou  u!
§ ®ZNhfS`tZeZbcUofsbbcUoZ2ŁvjqtcofS ZefsbcXdgZetrSZ
b¦kSb©qfSdcr8Zq¡ks?bgUXZ2hfSY[Zdnf





hkS`otbcdnfsjq`=b?jqt¶Z`otcXdgZeu  µ/jlrN  Z ! !/bcUXZtcZdgŁSk8jl`orhefs`[`XkSb¶OZ&dgZefSljqªZEuNOZEhfsOtZVbgUXZ}f¹jxt 
 
dcZEfShnUXZEt
jlbgt¦z{k8jl`=b[ljqY[j£b' µ/jqr±X  -! !i§²^a` µ/jlr8XdcZ¢SXp6bcUXZb{¤$k®dcZeXXxtjqŁSZOkSbcZe`8bgjqfSqtNfsdgZf8hibgjlŁfbgZeu §²TVUXZ





















































µ/jqrSXdgZ ?^a`Xj£bgjqfS  f !Vfs`ou¢uZEtjqdgZeu%!­jqY-fsr8Zet  XXxfs`X`XZEubcdnfz{Zeh
bck8dcjqZet­¤&jlbcUXk8bdcZeXXxtjqŁSZAksbgZ`m
bgjqfS   f !/jl`[bgUXZ&jqY[fSrSZ8p !6jl`[bgUXZ?z{k8jl`=b¶tcofShZ SoqfS`X`XZeubgdgfsz{ZehibgkSdgjlZEt6¤&j£bgUXkSXb¶dcZeXXxtjqŁSZVAksbgZ`=bcjxfs
f8tctckh
jxfbgZeu-bgkNbcUXZVz{k8jl`=bqjlY[jlbgtf´Ł8kSjxuXfs`ohZ4  h !­jl`bcUoZjlY-fsr8ZSp  u!Vjl`bgUXZVz{kSjq`=b&tcof8h
Z
gCgihkjﬁlm#no
\=  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
°f !
















































µ/jqrSXdgZ8  VyDxfs`X`XZEu¥bgdgfsz{ZehibgkSdgjlZEt&¤&jlbcUAksbgU¸dgZXXxtcjlŁ8ZOkSbcZe`8bgjqfS  +°f !}jl`¥bgUXZ2jqY-fsr8ZSpﬂ!}jl`¸bcUXZ
z{k8jl`=b6tof8h






















































Ak8tcjlbcjqkS`m·ofStcZeu¸Łvjqtcofs?tcZdgŁSk8jl`XrO§ *U%  	ﬀ%ﬁ % '  ﬂ#  f( k   )	
 # % "$

 ﬁ% ﬂﬁ% %(ﬂ     ) )*%ﬁ# %#ﬂk)ﬀ*#%ﬁ%# ﬁSpOs\v   ;;ﬂoSopXe8SX§
 3µ­§ ¨$UofsXY[ZbbcZfs`ouWQ§fLfsdnhnUofs`Ou § '	`XZe¤;dgZeuXX`ouXfS`oh
¡=m·ofStcZeuj£bgZdnfbgjlŁ8ZtghnUXZeYNZk8d}f´ŁSk8jqum
jq`Xr-z{k8jl`=bqjlY[jlbgt '}XXqjqhefbcjqkS`±bgk¥Łvjqtcofs$tZedcŁ8kSjq`Xro§-^a`Z ﬃ ﬃ ﬃ  !k@"I  ﬂ f(
ﬀY "$  OpXŁSk8loYNZXpofsr8Zet©´Ssﬂ4´S:pNfs`¥µXdnfs`Oh
jxtchkopo¨­fsqj£k8dc`ojqfop '}XdgjlSS8X§
 \ﬀ+2§ O§4¨$k¤Vfs`¥fS`ou ﬂ2§ Q§ /}kujlbgtghnUXZeA§$yDxfs`ofSdjlY-fSrSZof8tZEu¢Ł=jxtcofs*tcZdgŁSk8jl`or[f8tf-`of´Łvjqr8fsbcjqkS`
odck8XlZeY¢§ ^a`  ﬃ ﬃ ﬃ  !  3" Z d  #ﬂ f(#ﬀY "   opDofSrSZEt ;oS$ﬂY;Xvpﬂ}ZbcdgkSjlbep
LjqhnUXjqr8fS` pULf´¡ES8X§
   ﬂ§ ﬂ¦ZY[Z`=bcUokS`[fs`ou  § N4§ ﬂ¦f´Łvjxt§YL¥kuZe£m·of8tZEukSXz{Zehib6Ak8tcZ$jq`[d:qjq`XZet/ks4h
kuZ8§Y !&%ﬃﬀY#f











 %2  "$% k  	   d   fﬀY  ﬂ  ﬂﬁ% (I
C ﬂ#ﬀ_)_%ﬂ$3 	 %%( 4s§  kSdgqu Nh
jqZ`=bgj£¯Oh NZdgjlZEtVjl`¥~&k8OkSbcjxht&fs`Ou'}bck8Y[fsbcZEu N¡vtbcZeY-tp
|?k8/vp  kSdgqu Nh
jqZ`=bgj£¯Ohy¶dcZEtctepNvjq`Xr8fSOk8dep4e8S\o§
 +/[§k8tckuXfXp /[§NfSfsY[ksbgkopXfs`OuRL²§ '}tgfSuXfo§/Tdgfsz{Zeh
bckSdg¡-rSZe`XZdnfbgjlk8`k8d&kSotbgf8h
qZ©f´Ł8kSjxuXfs`ohZ
kS X`ohefsqjlXdnfbgZeutbcZedcZekŁvjqtcofSOtcZdgŁSkSjq`Xr¤&jlbcUXk8b&\Su-dgZehkS`otbcdgohibgjlk8` §  5ﬃ ﬃ6ﬃ(ﬃ )7%  #8  @"
W  %  %ﬁk  ﬂ *($)&3,ﬂ %ﬁ" ﬂip  °\ !  Sﬂv\Sop 'Xr8otbES:§
 Sﬀ N § }bghnUojl`otckS`*p 9N§ ﬂ§ }fsr8ZdEp fs`ou¥y6§ ^i§¨$kSdgSZ8§$' bcbgkSdgjqfS/k8`ŁvjqtcofS/tcZdgŁSkLhkS`=bcdgkSJ§  5ﬃ ﬃ ﬃ
 U Uﬂ.k    ﬂ f(/ﬀY "   op ´" : !   ;d:X$ﬂY;=opK©hibgkSAZdES;o§
 ﬀ K§ /Uofbgjl § ~&ZEfsVbgjlY[Z¥kSOt{bnfSh
qZ¥f´ŁSk8jquXfS`oh
ZLkSd-Y-fs`ojlXoqfsbckSdnt-fs`Ou Y[kSojlqZ¥dck8OkSbgte§  !
%YﬀY#fE    #ﬂ %ﬂﬁ% vp:{!   SﬂSopOES;o§
qeﬀO§A¨¦§







maujqYNZe`otcjlk8`ofs/Y[kvuXZxt©bckjlY-fsr8ZS§  ﬃ ﬃ ﬃ9 U Uﬂ.
     %ﬁ#:f3,ﬂ# ﬂ f(   ﬃf%   %  %ﬁ %




ZeYNZe`=be§  #8;%YﬀY#f    "'fﬀY %ﬁ
C ﬂ# opA\="{ !  sﬂ=vp=So`XZ2s8SX§
qe\ﬀ Q}§ Lfsqjxtp­µ$§V¨$UofsXY[ZbbcZ8p­fS`ou N4§D¬­kSouZbe§ Qs®uQŁ=jxtcofs&tcZdgŁSkSjq`XrO§  5ﬃ6ﬃ ﬃ< Y Uﬂ. 
  ﬂ f(=ﬀY "   op ,:"° !   s\dSﬂd:sop'XdgjqDe8SX§
gCgihkjﬁlm#no
\S  ﬀ %  %3ﬀ
	_ , ﬂ UﬀY" %ﬁ  %
q ©y6§kLfSdbgjl`XZbep§ﬂ¦fSohnUXZedep?O§E9fsqqjqhZSp?fs`ou\L §ﬂ¦UXkSY[Z8§  +   ﬀﬃﬂﬃ "$* ﬁﬀY





 ﬃ ﬃ ﬃ  #!  @" W  ﬂ f(/ﬀY "   opo\L  =:s ﬂ=;sOp 'Xdgjqs8SX§








q´ '2§A~¶fs`ou¥~§ }kSdnfsou §V|¦jqtcofs*bcdnfz{ZEhibck8dcjqZet­dgkSYX`ohefsqjlodgfsbcZeu¥tbcZedcZeko§  5ﬃ ﬃ6ﬃ  ! @"
W  %  %ﬁk  ﬂ *($)&3,ﬂ %ﬁ" ﬂipofSrSZet S8\ﬂvoSpAe8=v§
q@Sﬀ~§*Nvjq`Xr8U pA~§L²§A|?k¡vlZ8p ﬂ§  j£bcbgfs*pOfs`Ou,§Oy/§Ay?fsofS`XjqSkSqkSAkSolk=t§ 'qjlr8`XZY[Z`=b©ksDfs`¥Ze¡SZ
m
jq`m·Uofs`Ou tc¡t{bgZY bck¥dgZefs?k8z{Zeh
bgtOtjq`Xr¢ŁvjldcbcofSDjqY[fSrSZEt§ 54ﬂ' G ﬁﬀﬃﬂ# C ﬂ R




§ Q ®Zejqtgtep '2§ ¨ Nfs`ouXZdntk8` pOfS`ou ¨¦§ y ZeXY-fs` § ﬂ¦¡=`OfsY[jqhNtcZ`otckSdcmJOfStcZeu¢h
k8`8bgdck8 ks$dck8OkSb
¤&jlbcUŁvjqtcofs8ZZEuof8hnA§Y 5ﬃ6ﬃ ﬃ %YﬀY#fU   d  #ﬂ f( ﬀY "   ops\ : !  =s ﬂvovp3K©h
bckSAZd
ESvv§
 sﬀ 	§  jqqtckS`*pV¨¦§ ¨  jqlqjxfsY-t XqxtpVfs`ou 9N§ NQ¬­ZelJ§ ~ZxfbcjqŁSZ¢Ze`ouvm·Z4ZehibgkSd-h
k8`=bcdgkSVotcjl`Xr
hefsdcbcZEtjxfs` Ak8tcjlbcjqkS`m·ofStcZeu Ł=jxtcofs&tcZdgŁSkSjq`XrO§\ ﬃ ﬃ ﬃ  U ﬂ" Z  ﬂ *( ﬀY "   op
´" : !   ;S  ﬂY;S;opoES;o§
465Eg7498
Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
  	


  
ISSN 0249-6399
